Introduction
Maraging steels are a special class of high strength steels that are hardened by precipitation reactions induced by alloying elements that promote the formation of intermetallic phases in a martensitic structure, during the aging treatment. [1] [2] [3] After extended aging times or temperatures higher than 500°C, changes in the mechanical or magnetic properties of the maraging steels can occur due to the presence of austenite. 1, 2, [4] [5] [6] [7] [8] [9] The yield stress and the ultimate stress can decrease due to the presence of the austenite, while the fracture strength can increase. 1, 6, 8, 9) The coercive field tends to grow with the increase of the austenite proportion, while the magnetic saturation decreases due to the presence of this phase. 4, 5) The austenite reversion in the maraging steels is normally attributed to the local enrichment of nickel of the body-centred lattice of the matrix. This enrichment is normally associated with the dissolution of precipitates of the type Ni 3 X (X = Mo, Ti) and to the formation of intermetallic Fe-Mo compounds during overaging (Fe 7 Mo 6 or Fe 2 Mo). 1, 6, [10] [11] [12] Several researchers observed that the formation of austenite and of the Fe 2 Mo precipitates occurred approximately at the same time. They suggested that the nickel arises from the dissolution of the Ni 3 (Mo,Ti)
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KEY WORDS: maraging steel; phase transformation; kinetics; reverted austenite. and would be used in the formation of the austenite reversion and the molybdenum used in the formation of the Fe 2 Mo. 1, 6, 11, 13, 14) Studies performed by Moshka and coauthors 15) and by Shmulevitsh and coauthors 16) showed that the Ni 3 Mo precipitate is thermodynamically more unstable than the Ni 3 Ti precipitate. In this way, it is more probable that the dissolution of the Ni 3 Mo precipitate may give origin to the reverted austenite and to the Fe-Mo precipitates simultaneously.
Apart from the presence of thick precipitates with the extended times or higher aging temperatures, the reverted austenite can present morphological changes with the increase of temperature and of the overaging treatment time. 6, 11, 13) One of these is that the inter-lath austenite that nucleates on the martensite lath boundaries, while the other type of austenite, known as reverted intra-lath austenite, grows inside the martensite lath in the form of Widmanstätten plates with twins. 6, 11, 13, 17) Hosomi and coauthors and Carvalho and coauthors also identified two mechanisms of martensite reversion to austenite during continuous heating rates. A first mechanism attributed to partitioning to solute rich and solute poor regions due to short range diffusion and another mechanism linked to shear-like martensitic transformation. 7, 18) Previous research works have shown that the volumetric fraction of austenite has an increasing behaviour with the time and aging temperature for samples treated at temperatures higher than 500°C or for extended aging times. 1, [4] [5] [6] The following of the reverted austenite global kinetics can be realised through the determination of the volume fraction in overaged samples, through the analysis of the X-ray diffraction patterns or even through the changes in magnetic properties of the coercive field and the magnetic saturation, since austenite is a paramagnetic phase. 4, 5, [19] [20] [21] [22] Habiby and coauthors 23) also verified that there is a relationship between the eddy current (Foucault current) variation and the austenite volumetric fraction, which can be used to the follow up the kinetics of the martensite reversion.
Despite the behavior of the reverted austenite volume fraction with time and temperature has been analyzed by Pardal and coauthors for the maraging 300 steel 19) and by Peters and coauthors for some experimental maraging steels, 24) no data has been found for the maraging 350 steel. Furthermore, it has been verified that a large number of research work has been related to the kinetics of precipitation. [25] [26] [27] [28] [29] However, there is a shortage of detailed studies related to the kinetics of the reverted austenite during overaging, especially for the maraging 350 steel. Thus, this work analyses the microstructural modifications due to overaging thermal treatments carried out in the temperature range of 520 to 600°C in a maraging 350 steel, both at a local level -through optical microscopy and scanning electron microscopy, as well as at a global level -through X-ray diffraction analysis and ferritoscopy. Also, determinations of the activation energy and the Avrami "n" constants for the austenite reversion kinetics, have also been performed.
Materials and Methods
Samples were prepared by cutting a disk of 10 mm in thickness from maraging 350 steel bars of 140 mm in diameter, supplied in the solution annealed condition. The chemical composition of the bars is given in Table 1 .
This disk was cut into samples of approximately 5 mm × 10 mm × 10 mm for the aging experiments. Each sample was aged between 520 and 600°C at various times from 6 min (0.1 h) to 18 h in a muffle furnace.
The microstructural investigations were carried out using an optical microscope Olympus BX60M and a scanning electron microscope (SEM) FEI Quanta 450FEG at an operation voltage of 20 kV. Samples for SEM were mechanically polished and were etched with Nital 2% reagent or Marble reagent, while the samples for optical microscopy were etched with Marble reagent.
X-ray diffraction analysis was carried out in heat treated samples at 520, 560, and 600°C for 1, and 18 hours. X-ray measurements were performed using a diffractometer X'Pert Pro, in step scan mode with a step size of 0.02 0 , time steps of 30 seconds and angular (2θ) interval 40 0 − 100 0 . Radiation CuKα with wavelength 1.5405 Å was used with 40 kV and 40 mA. Spinner was used improving grain statistics per measurement in X-ray diffraction patterns. The martensite and austenite lattice parameters, as well as the austenite volumetric fractions, were obtained with the aid of the Rietveld analysis using GSAS software. 30) Feritscope usually is applied to measure ferromagnetic phase content, especially in austenitic, duplex, and superduplex stainless steels. 31, 32) Feritscope measurements are based on magnetic induction method. 32) In the present work, Fischer MP3 Feritscope was used to analyse the effect of aging heat treating on the kinetics of reverted austenite during overaging. It must be pointed out that the technical literature is somewhat confusing about the terms related to ferritoscopy. Throughout this paper, we will use feritscope when mentioning the equipment supplier, ferritoscope when mentioning the equipment and ferritoscopy when mentioning the measuring technique.
Results and Discussion
This item of results and discussion has been subdivided into three main parts, namely: X-ray diffraction analysis and by ferritoscopy (3.1); microstructural analysis using optical microscopy and scanning electron microscopy (3.2); kinetic analysis of the reversion of martensite into austenite (3.3).
X-ray Diffraction and Feritscope Measurements
for Maraging 350 Steel The X-ray diffractogram presented in Fig. 1 shows that according to temperature and aging time there is an increase in the austenite amount for the samples aged at 520, 560, and 600°C for 1 and 18 h. This can be seen (qualitatively), by comparing the areas of the austenite peaks γ (200), γ (220), γ (311) and γ (222) with de areas of the martensite peaks α'(110), α'(200), α'(211) and α'(220) for several heat treatment conditions. The values of the austenite volume fraction, austenite and martensite lattice parameters calculated from the diffractograms, based on the Rietveld method, are presented in Table 2 .
In Table 2 it may be observed that the austenite lattice parameter decreases with increasing aging temperature for isochronous treatments between 520 and 560°C for 1 h 19) and by Li and Yin, 11) which minimises the distortion of the lattice parameter. Furthermore, Pardal and coauthors 19) also observed the increase in the proportion of austenite in a maraging 300 due to the increase in temperature and aging time.
The calculated martensite lattice parameter presented a decrease with the increase in aging temperature up to 560°C, as seen from Table 2 . That aspect has also been observed by Habiby and coauthors, 33) in a maraging 350 steel for samples treated up to 650°C, and by Pardal and coauthors 19) in a maraging 300 for samples aged at 560 and 600°C. The decrease in the lattice parameter is due to the precipitation of substitutional atoms that were inside the martensite supersaturated lattice structure, decreasing the lattice distortion. 33) Apart from the influence of the X-ray diffraction measurements, Fig. 2 shows that there is a significant effect of the time and aging temperature on the magnetic measurements performed with the ferritoscope (m f ) used to follow the evolution of the kinetics of the martensite reversion, which may indicate that the proportion of austenite increases since austenite is a paramagnetic phase. In this manner, a relationship has been verified between the ferromagnetic measurements performed using the feritscope and the volume fraction calculated by the Rietveld X-ray diffraction in the maraging 350 steel, as shown in Fig. 3 .
The values of the determination coefficient R 2 of the adjusted second order polynomial function was 0.94. This polynomial function adjusted to the experimental data represents the relationship between the austenite volume fraction (Vv) and the ferritoscope measurements (m f ), is given by Eq. Pardal and coauthors 5) also observed that a second order polynomial function best adjusted to their experimental results for magnetic saturation and the volume fraction, which has been attributed to the changes in chemical composition of the austenite and of the martensite that influenced the magnetic properties. The result of Eq. (1) is a novelty of present work due to feritscope measurements to be usually employed in the microstructure analysis of stainless steel. 31, 32) Based on the polynomial coefficients of adjustment and the ferritoscope measurements, it may be possible to obtain the austenite volume fraction as a function of aging time, as shown in Fig. 4 .
From Fig. 4 it may be observed that the aging temperature strongly influences the kinetics of the reverted austenite. The higher the aging temperature, the faster the volume fraction attains a steady plateau, which may be observed when comparing the behaviour of the austenite volume fraction as a function of aging time for 520, 560 and 600°C. Such an asymptotic behaviour has also been observed in overaged samples of maraging 300 and 400 steels. 19, 34, 35) In Fig. 4 it also may be observed that the maximum reverted austenite volume fraction for 520, 560 and 600°C are respectively 18%, 25% and 37% for the analysed maraging 350 steel. Pardal and coauthors 19) showed that the maximum austenite volume fraction for a maraging 300 steel for samples treated at 560 and 600°C were, respectively 29.7% and 41%. Thermodynamic calculations performed by Guo and Sha 35) also indicated that the maraging 250 steel presented an equilibrium austenite volume fraction of 41% for 427°C, 47% for 482°C and 55% for 538°C. This is could be linked with the influence of chemical composition of maraging steels on thermodynamic stability of phases. Peters 24) also showed that for a Fe-18%Ni alloy had a retarding effect of cobalt on the austenite formation kinetics during overaging. These facts show an influence of the chemical composition on the retained austenite kinetics in maraging steels for isothermal treatments. Previous dilatometric studies comparing the 300 and 350 maraging steels also showed the influence of the chemical composition of these two types on the martensite reversion during continuous heating. 14) Furthermore, the influence of chemical composition on the martensite reversion, the influence of titanium content on mechanical properties of maraging 300 steel was also observed by Hosseini and Arab. 37) Figure 5 shows that the reverted austenite comprises the lighter areas of the micrograph obtained after etching with the Marble reagent, while the martensite lath is associated with the darker areas. From the comparative analysis of the micrographs, it may be stated qualitatively that there is an increase in the volume fraction with the increase of aging time in samples treated at 600°C, specially when comparing Figs. 5(b), 5(c) and 5(d) in relation to Fig. 10(a) (see also Fig. 4 ). 19 ) Figure 6 (a) presents the micrograph of maraging 350 steel aged at 520°C for 18 min which indicates that reverted austenite is not formed in the regions of lath boundaries. This fact evidences that exists an incubation time for martensite to austenite transformation, which was observed for X-ray diffraction measurements and ferritoscope (see Figs.  1 and 4 ). This behaviour could be linked with the stability of the intermetallic phases formed during aging. 6, 15) Figures  6(b) , and 6(c) show that inter-lath austenite, identified as γ inter , is nucleated and grows on lath martensite boundaries in samples aged at 520°C for 2 and 4 hours. 13) The values of austenite volume fraction determined by feritscope measurement and polynomial fitting were 0%, 7.9% and 13.3%, respectively, for samples aged at 520°C for 18 min, 2 h and 4 h (see Fig. 4 ).
Microstructure Analysis After Overaging for Maraging 350 Steel
The backscattered electron images that are shown in Figs. 6(d), 6(e) and 6(f) indicate that reverted austenite is formed in the regions of lath boundaries and martensite packages, for samples aged at 520°C for 10, and 18 h, which is represented as γ inter in these figures. No significant change has been observed on the austenite volume fraction for these samples, once these values reach a plateau of 18% (see Fig. 4 ). Moreover, inside the martensite laths, we may observe the presence of phases with a smaller size relative to the austenite, presenting ellipsoidal, cylindric and spheroidal morphologies, which could indicate the presence of the phases-Ni 3 Ti, Ni 3 Mo and Fe 2 Mo, identified as prec in Figs. 6(d), 6(e) and 6(f). 12, 13, 15) It was also observed that the precipitates coarsened when comparing micrographs of samples aged at 520°C for 10 h and 18 h. Figure 7 shows the presence of inter-lath austenite arranged in a well-defined direction, which indicates an orientation relationship between the austenite and the mar- tensite. 13) Further, in Fig. 7 we may observe the presence of phases of a nanometric size with ellipsoidal and cylindrical morphologies. 6, 13, 15) Figures 8(a)-8(f) show also that the temperature and aging time affect the kinetics of the austenite formed on the martensite lath boundaries and the martensite packages in samples aged at 560 and 600°C. An explanation for such a behaviour is that an increase in temperature from 560°C to 600°C accelerates the diffusion rate of the alloying elements, leading to larger volumetric fractions for higher aging temperatures. Moreover, the extended aging times lead to larger austenite volume fractions 19) (see Fig.  4 ). Yamada and coauthors also show that austenite formed during overaging in Fe-Ni-Co-Mo alloys had higher nickel and concentrations when compared with base composition of these alloys. 38) Figures 9(a) and 9(b) illustrate the inter-lath formation of austenite starting from the reverted martensite in sample aged at 560°C for 18 h. By comparing the micrographs obtained for the sample aged at 520°C for 18 h (see Fig.  6(f) ) and the sample aged at 560°C for 18 h, it may be observed that the austenite formed in the inter-lath martensite of the samples overaged at 560°C is thicker than the formed at 520°C. Even further, Figs. 9(a) and 9(b) show the formation of austenite needles of the Widmanstätten type in the interior of the martensite laths (identified as γ intra ), as well as the presence of smaller intermetallic precipitates. 6, 12, 13) Figure 10 presents the micrographs obtained using backscattered electrons for a sample aged at 600°C for 18 h. Figure 10 (a) shows that reverted austenite can be observed with smaller magnification relative to the others. Figure  10(b) illustrates that the austenite located between the martensite laths is thicker than that formed at 520 and 560°C for 18 h (see Figs. 6(f) and 9). Even further, Figs. 10(b) shows that in the interior of the martensite laths the presence of austenite needles of the Widmanstätten type, as well as the presence of globular austenite between the martensite laths (identified as γ glob ). 6, 12, 13) 
Kinetic Analysis of Reverted Austenite
One of the methods used to evaluate the precipitation apparent activation energy in maraging steels is based upon the determination of the time necessary to reach peak hardness for every aging temperature or for a given fixed fraction transformed, which follows an Arrhenius equation of the type: [26] [27] [28] [29] where Q is the activation energy, R the universal gas constant, t and T are, respectively, the time and the temperature for which the peak hardness or the fixed transformed fraction is obtained during aging.
Schnitzer and coauthors 39) applied this same equation to the study of the kinetics of reverted austenite in maraging PH 13-8 steels, by considering the time needed to reach a given volume fraction. The novelty of present work is the determination of activation energy of martensite reversion to austenite in Ni-Co-Mo-Ti maraging steels formed during overaging. In the present work, the time needed to attain an 18% volume fraction of austenite has been used, since that was the maximum value of the austenite proportion at 520°C. Based on the graph of Fig. 4 of the previous section it has been determined that the aging times needed to reach the 18% austenite volume fraction being 10 h, 0.7 h and 0.1 h, respectively for 520, 560 and 600°C. Figure 11 shows that data followed well the model given by Eq. (2) for the determination of the activation energy, with a correlation of 0.998. Using linear regression, the activation energy for the reverted austenite has been evaluated, with a value of 332 ± 20 kJ/mol, which is quite close to the value determined by Guo and Sha of 342 kJ/mol 36) for the martensite reversion in a maraging 250 steel using DSC. However, it is higher than the value reported by Schnitzer and coauthors 39) for a maraging PH 13-8 (234 ± 20 kJ/ mol). The activation energy for reverted austenite for maraging 350 steel also is about 20% above those determined for the diffusion of substitutional elements in ferrite. Such values are for nickel (245.8 kJ/mol), 40) titanium (272 kJ/ 36) and for molybdenum (251 kJ/mol), 41) respectively. A possible explanation for this discrepancy is the presence of coarse precipitates in the martensitic matrix during overaging, which hinder the migration at the austenite/martensite interface. 6, 12, 42) Another approach that could justify the behaviour described in the previous paragraph would be to consider the effect of the alloying elements on the microstructure and on the stability of the precipitates in the maraging steels containing cobalt. It is known that nickel and molybdenum act as strong austenite stabilisers, while titanium and cobalt act as martensite stabilisers in maraging steels containing cobalt. 14, 25) Previous work has shown that the Ni 3 Mo is a phase thermodynamically more unstable than the Ni 3 Ti phase. Thus, the Ni 3 Mo phase could have a primordial paper in the austenite nucleation due to local nickel enrichment of the martensitic matrix and in the formation of the Fe 2 Mo or Fe 7 Mo 6 phases. 15) Moreover, Li and Yin 11) showed that the cobalt level in the austenitic phase is smaller than the base composition in the maraging steels. In this manner, austenite nucleating in the martensite would tend to expel cobalt to the interface region which could hinder the austenite/ martensite interface mobility due to solute drag. This would agree with the mechanisms discussed by Hillert 44) and by Hersent and coauthors, 45) In which, in the present work, f is the transformed volumetric fraction, Vv is the volumetric fraction of reverted austenite, Vveq is the maximum volumetric fraction (or at equilibrium of the reverted austenite), k is the speed con-stant, and n is the Avrami constant. From this equation and the experimental data, the graph in Fig. 12 has been obtained. Table 3 shows that the Avrami constant for the kinetics of the reversion of austenite at 520°C is close to 1. According to Christian, 46) the value corresponding to 1 refers to the nucleation at grain boundaries after saturation. This is consistent with the inter-lath austenite formation observed in item 3.2 of the present work and by previous works. 6, 12, 13) Saturation would be a consequence of the presence of precipitates. 6, 12, 13, 15) The value of the Avrami constant for 560°C is close to 2. This could be related to the growth of the inter-lath austenite (started at that temperature), as observed in item 3.1. Christian 46) suggested that the value of 2 could be related to the growth of all particles solely in one dimension starting from a small size with a constant nucleation rate, which is consistent with the growth of the Widmanstätten plates with twins inside the martensite laths. 6, 11, 13, 17) 
Conclusions
The experiments and analysis performed in a maraging 350 steel allowed the following conclusions:
(a) The microstructural observations carried out using optical, and scanning electron microscopy showed that the reverted austenite is formed at interface regions, such as grain boundaries, package boundaries and lath boundaries of the martensitic structure at temperatures starting at 520°C. For the reverted austenite observed in the interior of the martensite lath, it started forming at 560°C. (b) The kinetics of the reverted austenite is strongly influenced by the aging temperature. Higher aging temperatures, lead to the faster attainment of a constant plateau of a volumetric fraction, as noted by the austenite volume fraction as a function of aging time for 520, 560 and 600°C. The maximum volume fraction of reverted austenite for the maraging 350 steel that has been analysed was 18%, 25% and 37%, respectively for 520, 560 and 600°C.
(c) The value of the activation energy for the reverted austenite of 332 ± 20 kJ/mol, is about 20% higher than the activation energies for the diffusion of substitutional alloying elements such as nickel (245.8 kJ/mol), titanium (272 kJ/mol) and molybdenum (251 kJ/mol).
(d) The value of the Avrami constant for the kinetics of the reverted austenite at 520°C was close to 1, which is consistent with the nucleation and growth at grain boundaries after saturation of the inter-lath austenite. The Avrami constant for 560°C is close to 2, which could be related to the growth of the intra-lath austenite in the form of Widmanstätten plates with twins within the martensite lath, starting at this temperature. These plates would grow solely in one dimension, starting from a small size with a constant nucleation rate.
